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Humans’ ability to create and manipulate symbolic structures far
exceeds that of other animals. We hypothesized that this ability
rests on an early capacity to use arbitrary signs to represent any
mental representation, even as abstract as an algebraic rule. In
three experiments, we collected high-density EEG recordings while
150 5-month-old infants were presented with speech triplets char-
acterized by their abstract syllabic structure—the location of sylla-
ble repetition—which predicted a following arbitrary label (e.g.,
ABA words were followed by a fish picture, AAB words by a lion).
After a brief learning phase, EEG responses to novel words
revealed that infants built expectations about the upcoming label
based on the triplet structure and were surprised when it hap-
pened to be incongruent. Preverbal infants were thus able to
recode the incoming triplets into abstract mental variables to
which arbitrary labels were flexibly assigned. Importantly, infants
also generalized to novel trials in which the pairing order was
reversed (with the label preceding the auditory structure). Beyond
conditioned associations, infants instantly inferred a bidirectional
mapping between the abstract structures and the following label,
a foundational operation for any symbolic system.
infants | language | learning | EEG | symbols
In many domains, humans use complex symbolic systems todescribe abstract relations between sounds (music), quantities
(arithmetic), commercial values (economics), individuals (uni-
forms), and so forth. Through symbolic representations, complex
and multifaceted sensory inputs are transformed into discrete
mental variables that are easier to handle, memorize, and com-
municate to others. The first and foremost of these systems is
human language, in which a variety of sensory experiences are
subsumed under the same arbitrary labels such as dog, thought,
or repeat. But when and how do infants come to process arbi-
trary labels as symbolic representations? For language acquisi-
tion, it is classically assumed that infants undergo a first stage of
slow associative learning during which they progressively stabi-
lize the distributed connections relating events and labels before
they become able to understand the symbolic value of words (1).
This slow acquisition would parallel the extensive training re-
quired in nonhuman primates (2, 3), even chimpanzees (4), to
acquire symbols. Only after this first stage would infants become
able to recode the labeled events into mental variables and thus
represent the underlying concept.
However, several observations suggest that the infant brain
radically differs from the brain of other primates and that it
might be equipped with powerful mechanisms for readily
recoding perceptual input into abstract mental variables avail-
able for further operations, thereby increasing infants’ learning
power. First, even when animals acquire symbols, their success
remains imperfect and imprecise (5), suggesting that the acquired
representations might remain radically different from the sharp-
ness of human symbolic representations. Second, the emergence
of symbolic systems in humans has been related to the develop-
ment of frontal areas and long-range tracts (5), allowing control
operations on lower levels and integration between domains,
whereas computations remain localized in domain-specific areas
in macaques (6). Once thought to be poorly functional in infants,
these regions are actually already active during the first months of
life (7–9). Thus, infant cognition might benefit from their com-
putational resources early on, despite their undeniable slowness
due to immaturity (10). Third, an increasing number of studies
show that infants learn associations between objects and words
much earlier than originally presumed (11, 12) and that starting
from the second semester of life, they are helped to categorize
objects (13, 14) and sounds (15) and to track hidden objects (16)
when a label, usually a word, is attached to the category/object.
These results suggest that infants may use the label as an indica-
tion to look for a common referent in the different events.
Previous studies also explored preverbal abstraction abilities.
Based on habituation/dishabituation paradigms, they revealed
that 5- to 7-mo-old infants (17–19), and even neonates (20), react
to a change in the localization of the repeated item in auditory
as well as visual sequences (e.g., AAB words vs. ABA words:
nonofe, gagalu, titina vs. rutaru, kemike, ladila). These results
demonstrate that the developing brain captures some abstract
attributes of the input. However, these experiments are limited
to probing discrimination abilities for which a mere detector of
immediate repetition, without an explicit representation of the
sequence structure, is sufficient. It therefore remains unclear
whether the abstracted information gets transformed into a
unitary mental variable that is available for further computations
or instead remains implicitly encoded in a mesh of cerebral
connections. Both types of representations can translate into
successful discrimination abilities. On that ground, the reported
performance does not differ from that of many other animals,
such as bees (21) and ducklings (22), which show remarkable
abilities for detecting sameness between two elements. However,
only information encoded as a unitary mental representation can
be manipulated and passed along to further processing stages.
Significance
Humans naturally entertain complex representations of the
world based on various symbolic systems, from natural lan-
guage to mathematical or musical notation. They recode the
input into abstract symbolic representations that can be in-
ternally manipulated and projected back onto the external
world. We show that preverbal infants can redescribe complex
percepts into abstract mental variables, which they can readily
map onto arbitrary labels. Importantly, we show that, beyond
associative learning, infants can readily infer a bidirectional
relation between the abstracted representations and the as-
sociated labels, a capacity that animals do not spontaneously
exhibit. Our findings buttress the hypothesis of symbolic rep-
resentations in preverbal infants, which may serve as a foun-
dation for our distinctively human learning abilities.
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Thus, the present study aims at clarifying the nature of pre-
verbal representations in human infants. We reasoned that if the
preverbal brain is equipped with a mechanism for recoding the
incoming sensory information into abstract mental variables, it
should be able to manipulate this abstract knowledge and con-
currently entertain multiple representations. More specifically,
in three associative learning tasks (conducted with 48, 57, and 45
infants), we tested 5-mo-old infants’ abilities to extract and as-
sociate auditory abstract structures with arbitrary but stable im-
ages or sound. Infants were presented with trisyllabic words
systematically followed by a label consisting of an image or a
sound. Importantly, the structure of the words (AAB, ABA, or
ABB) was predictive of the identity of the following label, and
because words were instantiated with constantly varying syllables,
the structure–label dependencies could not be discovered
through basic associative-learning mechanisms. Infants had to
process the abstract features of the triplets and recode each se-
quence into a unitary entity to detect the association with the
following label. After testing infants’ abilities to detect these
higher-order associations, we explored the symbolic depth of the
acquired association between the category-level structure and its
associated label. We tested whether it was merely encoded as a
temporal contingency or whether infants inferred a bidirectional
mapping between the structure and the label. Symbolic mapping
indeed entails a relation of symmetry: In contrast to unidirec-
tional predictive relations, thoughts about symbols both elicit
and are elicited by thoughts about their referents. Interestingly,
while this symmetry relation is readily assumed by both human
children and adults (23, 24), nonhuman animals repeatedly fail
to infer the reverse relation after they have been trained with a
unidirectional object–label relation (2–4).
Using high-density EEG, infants’ learning abilities were
assessed by exploring late event-related potential (ERP) brain
responses to the introduction of rare incongruent structure–label
pairings. Additionally, we used a frequency-tagging approach to
reliably extract early sensory responses to visual labels and to
explore whether this sensory activity was modulated by the pairing
congruency. In experiments 1 and 2, infants’ acquisition of the
conditioned association was tested, preserving the temporal or-
dering of the structure–label pairing, while in experiment 3, the
bidirectionality of the acquired association was assessed, reversing
its temporal ordering for test items.
Results
Experiment 1. In experiment 1, after a short familiarization phase
of 36 trials (Fig. 1A), learning was assessed during a test phase,
when we introduced a small proportion of incongruent pairs
(25%) and a novel neutral ABB structure, which was equally
paired with both images (nonpredictive condition). Overall, for
each infant, both images were presented with equal frequency. If
infants successfully represented the abstract word structures and
detected the associations, we predicted a late surprise response
to incongruent pairs. Using nonparametric analyses, we observed
a significant negative difference between congruent and incon-
gruent images that slowly developed to become significant after
1 s on a cluster of right central electrodes (Monte Carlo Pcorr =
0.036 in 32 infants; Fig. 2A). This late response could reflect
either the detection of semantic incompatibility between the
preceding structure and the label (25, 26) or a more generic
violation-of-expectations response (27). The case of neutral trials
brings an additional insight: The neutral structure had no pre-
dictive value, so infants could not build any expectation or exhibit
a violation-of-expectation response, but in terms of semantic
relation, the ABB–image pairings were always incompatible and
should be regarded as a semantic incongruency (25). Interest-
ingly, the late ERP component was not present in response to
these neutral trials. The recorded brain activity did not differ
from the congruent condition [t(31) = 1.06, P = 0.597], but was
significantly different from the incongruent condition [t(31) = −2.84,
P = 0.016] (Fig. 2A). This late ERP component therefore reflects
a violation-of-expectations response similar to the adult P300-
type rather than an N400-type response.
In addition, neutral trials allowed us to ask whether infants had
learned the associations based on a representation of the entire
trisyllabic structure or whether they were only detecting immedi-
ate repetitions. If infants were sensitive only to the presence/ab-
sence of an immediate repetition, then AAB and ABB words
should share the same mental representation and thus predict the
same image. In terms of EEG, this assumption implies a violation-
of-expectation response when the image presented after an ABB
word is not the image they learned to follow AAB words. On the
contrary, if infants extract an exhaustive representation of each
triplet structure, they should successfully entertain all three
structures as distinct mental representations and realize that ABB
words are not predictive of any specific image. When contrasting
brain responses to the two images following ABB words, we found
no violation of expectations [t(31) < 1], indicating that infants
were indeed representing the entire word.
Beyond late violation of expectations, we wondered whether the
expectations that infants derived from the abstracted structures
might also prime early visual activity for receiving a precise input
(27, 28). Because each image was presented over a background
A B C
Fig. 1. Experimental paradigms. Trials began with blinking eyes. In canonical trials, a trisyllabic word was then presented, followed ∼1 s later by an image (a
lion or a fish) presented on a flickering background (10 and 15 Hz) in experiments 1 and 3 (A), and by a fish or a word (schtroumpf) in experiment 2 (B). Infants
first learned the association between two structures and their labels during a 36-trial exposure phase (e.g., ABA–lion and AAB–fish). During the subsequent
test phase, incongruent structure–label pairs (e.g., ABA–fish and AAB–lion) and a new structure (e.g., ABB–fish and ABB–lion) were introduced in experiments
1 and 2. In experiment 3, the test phase consisted of an alternation of short blocks of six reversed trials (C) and longer blocks of 14 canonical trials (A).
Canonical trials were all congruent, contrary to reversed trials, for which half were congruent and the other half incongruent.
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flickering at a specific frequency, we could inspect whether the
strength of the entrained low-level visual activity was modulated
by the congruency of the structure–image pair on a cluster of 20
occipitotemporal electrodes commonly used in the literature to
study steady-state responses (29). A significant enhancement of
cortical entrainment was observed for the expected frequency
compared with the unexpected frequency [F(1,31) = 7.97, P =
0.008] (Fig. 2B; ERP analyses can be found in SI Appendix).
Furthermore, when observing brain responses before image
onset, we observed a negative deflection over central electrodes
that developed after the end of the triplet. This waveform cor-
responds to the contingent negative variation (CNV), commonly
recorded after a cue predictive of a target stimulus in adults (30)
as well as in infants (31). Its amplitude was affected by the triplet
structure {39 infants; main effect of structure [F(2,76) = 4.98, P =
0.009]; Fig. 2C}: It was larger after the AAB and ABA words that
were predictive of the following image than after the nonpredictive
ABB words {AAB vs. ABB [t(38) = −2.03, P = 0.049]; ABA vs.
ABB [t(38) = −2.63, P = 0.012]}, whereas there was no difference
between AAB and ABA trials [t(38) = −1.41, P = 0.168].
Together, these results demonstrate that infants successfully
represented all three structures concurrently, without confusion,
and in a format that allowed for a subsequent, immediate asso-
ciation with an arbitrary image. For infants to succeed in our
experimental design, it was not sufficient to locally discriminate
between two structures as in classical habituation/dishabituation
paradigms, nor to rely on the surface features of the triplets to
detect the association; rather, infants had to have access to an
abstract summary of the sequence of syllable repetitions and
changes in order to couple it with the subsequent image. In other
words, they had to redescribe the auditory input into one mental
structure that could be further manipulated. The predictive activity
observed during the waiting period between the offset of the triplet
and the onset of the image may reflect this manipulation stage,
offering infants the possibility to prospectively infer the associated
image. Overall, experiment 1 demonstrates that preverbal infants
formmental representations that are not limited to the direct output
of sensory processes but rather involve a representational rede-
scription stage (32) that makes knowledge available to the brain for
other mental operations, a fundamental feature of symbolic repre-
sentations. In experiments 2 and 3, we inspected two aspects of the
relation between the generated mental representations and the
arbitrary labels: flexibility and bidirectionality.
Experiment 2. Since human adults are remarkably flexible in as-
sociating any mental representation with virtually any type of
symbol (words, numbers, graphs, pictures, shapes, etc.), we
asked, in experiment 2, whether 5-mo-old infants were just as
versatile and might accept labels in different sensory modalities
(Fig. 1B). The procedure was the same as in experiment 1, except
that the lion image was replaced by an auditory word. Congruency
effects were analyzed separately for the visual and auditory mo-
dalities. The visual effects computed on the same spatiotemporal
cluster replicated the findings of experiment 1 {[t(33) = 2.06, P =
0.024], one tailed t test}. A 2 × 2 ANOVA, with Experiment as a
between-subjects factor and Condition as a within-subject factor,
revealed a main effect of Condition [F(1,64) = 15.86, P < 0.001], no
effect of Experiment [F(1,64) = 2.58, P = 0.11], and no Condition ×
Experiment interaction [F(1,64) = 1.31, P = 0.26]. Combining visual
responses in experiments 1 and 2 (nonparametric statistics with no a
priori) confirmed the common violation-of-expectations response
over a right central cluster (Monte Carlo Pcorr = 0.0024 in 66 infants
overall). In response to the auditory labels, nonparametric statistics
computed on the same late time window revealed a significant
violation-of-expectations signal over a more posterior right central
cluster, peaking later than 1 s after label onset (for the auditory
label, Monte Carlo Pcorr = 0.048 in 32 infants; Fig. 3) (see further
analyses in SI Appendix).
We thus replicated in experiment 2 the late surprise effect
induced by an incongruent pairing, even when the label modalities
were mixed. Like toddlers, who accept any arbitrary form (gestures,
pictograms, or sounds) as a label if embedded in a naming routine
(33), infants were thus similarly able to flexibly associate structures
with labels in multiple modalities, suggesting that any artifact,
provided it consistently followed the triplet, could be used to represent
the given structure.
Experiment 3. Contrary to conditioned associative learning in
which the temporal ordering of the paired elements is crucial,
symbolic mapping implies a relation of symmetry, supporting
Fig. 2. Three neural signatures of learning in experiment 1. (A) Late vio-
lation of expectations. (Left) Grand average responses to congruent (blue),
incongruent (red), and neutral (green) trials recorded from the significant
cluster of electrodes presented on the graph. The vertical dotted line at
1.733 s indicates the onset of the next trial. (Right) ERP topographies for
incongruent (I) and congruent (C) trials as well as their difference (I−C) av-
eraged over the significant time window (gray area on the plot). Electrodes
and time were identified using nonparametric analyses. (B) Early priming
effect. (Left) PSNR topographies in response to the flickering background
during label presentation for both conditions and their difference. (Right)
Bars represent PSNR averaged over the occipital cluster in response to con-
gruent (blue) and incongruent (red) trials for 10- and 15-Hz backgrounds.
PSNR was significantly larger for congruent compared with incongruent
trials. (C) CNV. (Left) Grand average responses to the two predictive struc-
tures (black) and the nonpredictive structure (green) recorded from central
electrodes. The vertical dotted line at 1.700 s indicates the onset of the visual
label. (Right) ERP topographies for the predictive (P) and nonpredictive (NP)
trials as well as their difference (P−NP) averaged over the significant time
window (blue area on the plot). The predictive structures (AAB and ABA)
elicited a significantly larger CNV than the nonpredictive structure.
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bidirectional predictions. The ability to appreciate bidirectional
mappings is readily observed in both human adults and children
but appears to be particularly challenging for nonverbal species
(2, 4, 23, 24, 34). This property was tested in experiment 3 (Fig.
1C). After the familiarization phase, infants were presented with
short blocks of reversed trials (image–word) embedded within
long blocks of congruent canonical trials (word–image). Half of
the reversed trials were congruent and the other half incongru-
ent, preventing any associative learning within reversed trials.
Furthermore, words used different syllables in reverse and canon-
ical trials. If infants possess a symbolic mapping mechanism that
can operate over abstract representations, they should spontaneously
transfer the structure–image association from canonical to re-
versed trials, and we would then expect different brain responses
to congruent and incongruent trials. Indeed, ERPs showed a
significant congruency effect over a late central dipolar compo-
nent culminating around 1.7 s after word onset (Monte Carlo
Pcorr = 0.044 in 34 infants; Fig. 4). Because the surprise effect
was elicited by an auditory stimulus as in experiment 2, we ad-
ditionally inspected the spatiotemporal cluster defined in ex-
periment 2 for the auditory modality and found a significant
difference {[t(33) = 1.73, P = 0.046], one-tailed t test}. When both
experiments were analyzed together on this cluster, the ANOVA
revealed a main effect of Condition [F(1,64) = 12.97, P < 0.001], a
weak trend for an Experiment effect [F(1,64) = 2.99, P = 0.09],
and no Condition × Experiment interaction [F(1,64) = 2.52, P =
0.12]. Nonparametric statistics in the 66 infants of both experi-
ments 2 and 3 (with no a priori) confirmed a common violation-
of-expectations response over a central cluster of 15 electrodes
(Monte Carlo Pcorr = 0.014). Therefore, not only did 5-mo-olds
expect to see the appropriate image after having recovered the
abstract word structure in canonical blocks, but they also expected
to experience the appropriate structure after seeing the image in
reversed blocks, without any additional training.
Discussion
This series of three experiments highlights the symbolic depth of
mental representations in preverbal infants with two important
findings. First, we show that well before they start talking, infants
can combine a series of abstract features (here, a sequence of
syllable repetitions and changes) into an operable mental variable
that is available for subsequent associative operations. While
classical habituation/dishabituation paradigms merely address
information encoded in the infant brain as distributed implicit
network states, our paradigm allows one to pinpoint abstract,
redescribed representations that are available to the infant brain.
Contrary to previous speculations that infants merely use labels as
mnemonic cues (35), attentional grabbers (36), or essence place-
holders (37), we propose here that labels drive infants into rep-
resentational redescription and help them organize their inner
mental space through a mapping between abstract representations
and their associated labels. Importantly, these results show that
language proficiency is not a prerequisite for combining different
abstract features (here, the presence of a repetition and its ordinal
position) into a unitary mental representation.
Second, we demonstrate that these preverbal yet sophisticated
mental representations are flexibly associated with arbitrary la-
bels in multiple modalities and, more importantly, through a
powerful bidirectional mapping. Whereas nonhuman animals fail
to spontaneously generalize conditioned associations to the re-
verse order (2, 4, 34), humans are particularly prone to dis-
regarding temporal orderings and to inferring symmetry (23),
sometimes at the expense of logical reasoning (24). It was there-
fore commonly acknowledged that language experience supported
symmetry. Our study, which reports preverbal abilities for sym-
metry, questions this assumption. Together with previous studies
showing that even primates with previous linguistic experience fail
to infer bidirectional mappings when learning symbols using
conditioned associations (4), this empirical finding suggests that
symmetry might be the early marker of an inner representational
system that is prone to attributing a mental variable to an external
category; in other words, reducing it to a sign.
With intensive training, nonhuman animals also come to use
arbitrary labels to represent objects, colors, or quantities (38, 39).
Monkeys may even learn to combine abstract signs in formal
operations such as addition (40). However our findings, showing
that infants rapidly and spontaneously infer a powerful bidirec-
tional mapping between a set of abstract representations and a
set of labels, together with the abundant evidence that nonhuman
animals have difficulties in processing bidirectional associations,
suggest a clear discontinuity between human and nonhuman
behavior, which might be a building block for human cognition
and notably language development.
Methods
All experiments were approved by the regional committees for biomedical
research [Comité de Protection des Personnes (CPP) Kremlin Bicêtre and CPP
Île de France III]. Both parents were informed and provided their written
consent before the experiment.
Stimuli. The triplets were generated as the concatenation of synthesized
consonant/vowel (CV) syllables to conform to AAB, ABA, and ABB structures.
Two different sets of 15 CV syllables were used to build two separate vocabu-
laries of 120 distinct words. One vocabulary was made from the consonants b, t,
and k and the French vowel sounds a, u, ou, in, and e; and the other vocabulary
was made from consonants p, d, and g and the French vowel sounds an, eu,
i, o, and on. The syllables were generated with a duration fixed at 240 ms
and flat intonation using the MBROLA text-to-speech software (41) with
French diphones and digitized at 22,050 Hz. The syllables were concatenated
Fig. 3. Violation of expectations in experiment 2. (A and B, Left) Grand
average for congruent (blue), incongruent (red), and neutral (green) trials
recorded from the significant clusters of electrodes presented on the graphs
for visual (A) and auditory labels (B). The vertical dotted line at 1.733 s in-
dicates the onset of the trisyllabic word of the following trial. (A and B,
Right) ERP topographies for incongruent (I) and congruent (C) trials as well
as their difference (I−C) averaged over the significant time windows (gray
area on the plots) for visual (A) and auditory labels (B). Electrodes and time
were identified using nonparametric analyses.
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to form trisyllabic words (duration, 720 ms), ensuring that the CV from syllable
A were systematically different from CV from syllable B. As visual labels, we
used two cartoon pictures (a red fish and a yellow lion); as auditory label, we
used the monosyllabic word “schtroumpf” (duration, 1 s) recorded by a fe-
male native French speaker in an infant-directed speech register.
Protocol. Brain activity was recorded using a high-density EEG net (128
channels; Electrical Geodesics, Inc.) while the infants were seated on their
caregivers’ laps. A typical canonical trial consisted of the presentation of a
word, followed 1 s later by a label (Fig. 1). In experiments 1 and 3, we used
the two images as labels, each presented during 1 s over a background
flickering at a specific frequency (10 or 15 Hz). In experiment 2, we used the
red fish as one label and the auditory word schtroumpf as the other label.
During the familiarization phase, infants were presented with a series of 36
trials in which the two labeled structures were consistently paired with their
respective labels. The pairings were counterbalanced across participants.
For experiment 1, 47 healthy 5-mo-old infants were recruited to partici-
pate; 15 participants were excluded from analyses of the visual labels (final
group: 14 girls and 18 boys 21 ± 2 wk old; range, 17 to 26 wk), and eight
infants were excluded from analyses of the CNV after the triplets (final group:
16 girls and 23 boys 21 ± 2 wk old; range, 17 to 26 wk). During the familiar-
ization phase, infants were exposed to AAB and ABA words followed by their
visual labels. In the test phase, we used the second vocabulary and introduced
the third structure, ABB, which was equally paired with the two images. Lastly,
in 25% of AAB and ABA trials, the visual labels were swapped such that the
associations were incongruent with the learned pairings. The two visual
labels and the three structures were presented with equal frequency.
For experiment 2, 57 healthy 5-mo-old infants were recruited. The visual
and auditory labels were analyzed separately. We report on 34 infants for the
visual label analyses (20 girls and 14 boys 20 ± 2 wk old; range, 18 to 24 wk)
and on 32 infants for the auditory label analyses (19 girls and 13 boys 20 ± 2
wk old; range, 18 to 24 wk). Experiment 2 was similar to experiment 1, ex-
cept that the labels were either an image or a word, and the ABA and ABB
structures were labeled, keeping AAB as the third structure equally paired
with each label. In this experiment, both vocabularies were used during
testing, and we set aside the generalization vocabulary for a subset of
congruent, incongruent, and neutral trials used for the statistical analyses.
For experiment 3, 44 healthy 5-mo-old infants were recruited to partici-
pate; 10 participants were excluded from subsequent analyses (final group:
11 girls and 23 boys 20 ± 1 wk old; range, 18 to 23 wk). The familiarization
phase was identical to that in experiment 1. During testing, small blocks of
six reversed trials were interspersed between larger blocks of 14 canonical
trials that were always congruent. In reversed trials, the image was pre-
sented first during 1 s, followed 1 s later by the trisyllabic word drawn from
the generalization vocabulary. Half of these reversed trials were incongru-
ent with the learned associations so that infants could not learn any label–
structure associations from the reversed trials.
Data Processing. The EEG was continuously digitized at 250 Hz from 128 scalp
electrodes referenced to the vertex. For each channel, we rejected epochs
with fast average amplitude exceeding 250 μV or when deviations between
fast and slow running averages exceeded 150 μV. Participants with fewer
than 10 trials in one of the experimental conditions were rejected from
subsequent analyses. The remaining trials were averaged, locked to stimulus
onset (either labels or triplets, depending on the analysis), digitally trans-
formed to an average reference, band-pass filtered (0.2 to 15 Hz for ERP
analyses, 0.2 to 40 Hz for frequency-tagging analyses), and corrected for
baseline either over a 200-ms window before stimulus onset (similar results
were observed with the raw, unfiltered data) or over the first 200 ms after
trisyllabic word onset in experiment 3, where we could capitalize on the
signal alignment, which was easier with the sharp auditory response.
Statistical Analyses. Based on the literature, we inspected late surprise effects
to incongruent labels and early priming effects amplifying the early sensory
responses to the congruent labels (16, 17, 29). While some brain responses
are well characterized in time and space, the understanding and description
of high-level ERP components in infants are still incomplete and imprecise.
Accordingly, we analyzed well-described brain responses (e.g., CNV or visual
entrainment) based on specific clusters of electrodes and time windows
determined from the literature. However, for late responses whose topog-
raphies and latencies are not well described and depend on various exper-
imental parameters, we adopted a data-driven approach. To control for the
risk of false positives due to the numerous measures, we used nonparametric
statistics, combining a clustering and randomization procedure (42).
Late surprise effects. The late responses were studied by comparing congruent
and incongruent trials using nonparametric statistics with an alpha threshold
set to 0.1, a minimal cluster size of three electrodes, and 5,000 permutations
over a 1- to 1.8-s time window. This procedure allowed for the detection of
positive, negative, and dipolar components, with a stringent control on false
positives (31). We tested whether the identified response to incongruent
visual labels was replicated from experiment 1 to experiment 2 by running
an ANOVA, with Condition as a within-subjects factor and Experiment as a
between-subjects factor over the spatiotemporal cluster identified in ex-
periment 1. We additionally tested whether the late response to the in-
congruent triplet structure in experiment 3 could be considered a replication
of the response to the incongruent auditory label in experiment 2. Voltages
averaged over the spatiotemporal cluster identified in experiment 2 were
submitted to an ANOVA, with Condition as a within-subjects factor and
Experiment as a between-subjects factor. In experiments 1 and 2, given that
the proportion of congruent and incongruent trials was strongly imbalanced
(75% vs. 25%, respectively), a subset of congruent trials was defined to
match the number of incongruent trials. In experiment 1, for each in-
congruent trial, we selected the closest congruent trial, controlling for the
identity of the image (e.g., for each fish-incongruent trial, we selected the
closest fish-congruent trial; after this procedure, we report on 22 artifact-
free trials per subject in the congruent/incongruent conditions on average).
In experiment 2, the subset was defined upstream with the use of a new
vocabulary (on average, 15 and 16 artifact-free trials per subject in the
congruent and incongruent visual conditions, respectively; 16 and 16
artifact-free trials per subject in the congruent and incongruent auditory
conditions, respectively). In experiment 3, the proportion of incongruent
and congruent trials was perfectly balanced (on average, 16 and 15 artifact-
free trials per subject in the congruent and incongruent trials, respectively).
Early priming effects. The analysis and results of early sensory ERP components
is described in SI Appendix. Visual labels were additionally presented over a
flickering background to pinpoint early visual activity in a robust and
Fig. 4. Reversed trials in experiment 3. (Left and Right) Grand average responses to congruent (blue) and incongruent (red) trials recorded from the positive
(Left) and negative (Right) significant clusters of electrodes presented on the graph. (Middle) ERP topographies for incongruent (I) and congruent (C) con-
ditions and their difference (I−C) over the significant time window (gray area on the plots). Electrodes and time were identified using nonparametric analyses.
Infants were able to generalize the structure–label pairings from the trained canonical order to the untrained reverse order, demonstrating a bidirectional
mapping between the auditory structures and the arbitrary visual labels. The vertical dotted line at 3.247 s indicates the onset of the following trial.
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predictive way. The rhythmic stimulation elicited an entrained occipital re-
sponse during label presentation, which we could easily inspect for con-
gruency modulations. Entrainment was measured over an occipital cluster of
electrodes (20 electrodes encompassing electrodes Oz, T5, and T6) during
picture presentation, delayed by 200 ms to compensate for the conduction
time of the stimulation to the visual cortices (i.e., 200 to 1,200 ms after
stimulus onset). For each subject, each electrode, and each trial, we com-
puted the power spectral density (PSD) of the signal over this time window
using the fast Fourier transform algorithm as implemented in MATLAB and
averaged the values across trials for each condition of interest separately for
each stimulation frequency (10 and 15 Hz). Next, we fitted each average PSD
with a power-law function (i.e., in the log space, an affine function using
MATLAB polyfit) and then measured the peak signal-to-noise ratio (PSNR) as
the ratio between the deviation of the signal power from power law at the
tagged frequency and the root-mean-square deviation from the power law
over neighboring frequencies, in decibels. PSNR was averaged over the cluster
in each subject and submitted to an ANOVA, with Condition (congruent vs.
incongruent) and Stimulation Frequency (10 vs. 15 Hz) as within-subject factors.
CNV. Because the CNV typically develops between the offset of a cueing
stimulus and the onset of the following target stimulus over central recording
sites (29), we inspected brain responses during the silence period before
label onset in experiment 1 and defined a central cluster of electrodes (32
electrodes around Cz) based on the main response with all trials averaged
together. Brain activity was averaged over this cluster for each condition, be-
tween 1 and 1.5 s after word onset and was submitted to a three-way ANOVA,
with Structure (AAB, ABA, or ABB) as a within-subject factor. On average, we
obtained 42 artifact-free trials per subject and per condition (41, 42, and 42 for
AAB, ABA, and ABB, respectively).
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